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Abstract 

Oxidation of sintered thorium-plutonium mixed oxide pellets was studied by thermogravimetry in the temperature range 
400-1200  K. The kinetics of oxidation was found to be controlled by oxygen chemical diffusion with activation energies in 
the range 25 -50  kJ mol 1. Oxygen chemical diffusion coefficients are reported for Pu0.3Tho.701.94. © 1998 Elsevier 
Science B.V. 

1. Introduction 

Oxide nuclear fuels undergo oxidation or reduction 
during fabrication, storage or chemical interaction with 
fission products or clad materials during reactor operation. 
Kinetics of oxidation of UO2+a, (U, Pu)O2+. ~, (U, 
Th)O2+ ~ and PuO 2 x have been studied in detail and are 
reported to be controlled by oxygen chemical diffusion 
[I-4] .  Limited literature on this aspect is available on 
T h - P u - O  system. ThO 2 and PuO 2 were reported to form 
complete range of solid solution with fluorite structure, the 
lattice parameter varying from 0,5598 nm to 0.5396 nm 
[5]. Nuclear and material aspects of the thorium fuel cycle 
have been reviewed [6]. (Th, Pu)O 2 containing 2 - 4 %  
PuO 2 is a possible candidate in advanced thermal reactor 
fuel concepts [7]. Fuel pellets of (Th, Pu)O 2 containing 
18-35% PuO 2, typical of FBR fuel compositions have 
been fabricated for irradiation testing [8]. The present work 
is on the oxidation kinetic behaviour of sintered pellets of 
(Pu, Th)O2_ ~ with varying plutonium content. 

2. Experimental 

Sintered plutonium-thorium oxide pellets of composi- 
tions Pu3Th I ~O 2 , (y  = 0.2, 0.3 and 0.7) were obtained 
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by solid state mixing, pelleting and sintering in hydrogen 
at 1873 K. Pellets weighing around 700 mg were of 
diameter 4 mm and length 6 ram. Oxidation kinetic studies 
were carried out in dry air using Mettler thermoanalyser 
with _+0.01 mg precision at a rate of heating of 4 K / m i n .  
The thermoanalyser was calibrated from the weight loss 
obtained for the decomposition of 100 mg of CuSO 4 - 5H 2 ° 
to CuO during heating to 1273 K. Calculated and experi- 
mental weight losses were in good agreement indicating 
reliability of the measurement. 

3. Results and discussion 

The fraction oxidised, c~, against temperature (T)  plots 
of the three compositions of (Pu,Th 1_,,)O 2_~ are repro- 
duced in Fig. 1. A, B and C refer to the compositions with 
y = 0.7, 0.3 and 0.2 respectively. The constant weight 
obtained at 1073 K during oxidation in air confirms the 
formation of the stoichiometric dioxide, MO2.oo (M = Pu 
+ Th). The oxygen to metal ratios ( O / M )  of the samples 
were calculated to be 1.8, 1.94 and 1.96 for y = 0.7, 0.3 
and 0.2 respectively. With y = 0.2 and 0.3, oxidation is 
observed to be in a single step, MO2_~ ~ MO2.00. With 
y = 0.7, oxidation is found to take place in two steps, one 
rapidly at a low temperature of 400 K and the other in the 
temperature range 500-900  K. X-ray powder diffraction of 
the starting materials showed single phase fcc for y = 0.2 
and 0.3. However mixed oxide with y = 0.7 was found to 
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Fig. I. a against temperature plots for Pu ,Th i - ,.02 , in air. 

be a mixture  o f  M 2 0 3 +  r and MO~ ~. This  was in con-  

formity  with the low O / M  of  1.8 obtained for the sample,  

sugges t ing  a two phase  mixture.  Thor ium dioxide,  T h O  2, 

is the only c o m p o u n d  in the tho r ium-oxygen  sys tem upto 

its mel t ing  point  and exists  as single cubic  phase  with 

fluorite structure whereas  in the p lu ton ium-oxygen  sys tem,  

a n u m b e r  o f  binary oxides  are reported; C - P u 2 0  3 (PuOLs~) 

and C ' - P u 2 0  ~ (PuOi .62+r)  both with bcc structure are 

obtained by the reduction o f  PuO 2 with hydrogen  at h igh  

temperatures  [9]. Hence  it can be conc luded  that the two 

phase  mixture  in PuuvTho.3Ol.  8 consis ts  o f  M O  2 ,~ phase  
rich in thor ium and M 2 0 3 +  ~ phase  rich in p lu tonium.  

The  kinetics of  oxidat ion o f  mixed  oxide was deter- 

mined  by the method  sugges ted  by Zsako  [10] us ing a 

compu te r  program. The  basic equat ion used by Zsako  can 

be represented by 

In g ( u )  - - I n  p ( x )  = In[ZE/qR] ,  ( I )  

where  g ( c ~ ) = / d a / f ( c ~ )  = kt, ) ( ~ )  is a funct ion of  ~ ,  

fraction reacted and p ( x )  is a funct ion of  x def ined as 

x = E / R T .  Z, E, R, q and T are, respectively,  the pre-ex- 

ponential  factor of the Arrhenius  equation,  activation en- 

ergy,  gas  constant ,  the heat ing rate and absolute  tempera-  

ture, As In[ZE/qR] is cons tant  for a g iven  reaction at a 

cons tant  heat ing rate, the plot o f  In g ( a )  against  T and 

In p ( x )  with 7" should have  the same slope provided the 

a s s u m e d  m e c h a n i s m  for calculat ion o f  g(o~) and the as- 

s u m e d  activation energy for calculat ion o f  p( . r )  are cor- 

rect. 

The  program first calculates  the approximate  value of  

the activation energy by the me thod  of  Pi loyan and 

Novikova  [1 I] us ing only TG data. Values  were taken on 

ei ther side o f  the approximate  value o f  the activation 

energy to facilitate iteration with respect  to E. The  stan- 

dard deviat ion of  the difference o f  In g ( u )  and In p ( x )  

was calculated for a part icular a s s u m e d  reaction mecha -  

n i sm in the temperature  range of  interest and for each 

a s s u m e d  activation energy.  The  likely m e c h a n i s m  is the 

one for which  the s tandard deviat ion is m i n i m u m  tor a 

part icular combina t ion  o f  activation energy and reaction 

mechan i sm.  Typical  compu te r  outputs  conta in ing s tandard 

deviat ions  for various m e c h a n i s m s  and activation energies  

for oxidat ion of  Putl.3Thll.7Ot.94 and Puo2Tho~Oi.9~ , are 

Table I 
Oxidation of Puo~Th07Ot,)4 in air: A typical computer output (standard deviation) to find thc best fit among the different reaction 
mechanisms 

Mechanisms g(ol) Input activation energies (k J/ tool)  

30 38 47 55 64 72 80 

a '/4 0.5361 
a ~ / ;  0.4929 
a ~/: 0.4091 
a 0.2126 
a 3/~ 0.2833 

a 2 0.5220 
I - ( I  - a )  ~/3 0.1570 
I - (I - a )  I/2 0.1569 
I - In(1 - a )  ' /4 0.4649 
- l n ( l  - a )  ' /~ 0.3980 
- l n ( I  - a )  I/2 0.2677 
- In( 1 - a)2/~ 0.1524 
- In ( I  - a )  0.2029 
(I - c~)ln(1 - o~) + ~ 0.6426 
1 - 2 a / 3  - ( 1 - c~ )2/~ 0.6963 
[1 - (I - or)'/3] 2 0.8112 
[(I + c~) I/3 - l] 2 0.4223 
1 - (I - ol) 2 0.3493 
1 - ( l - a)~ 0.4422 
1 - ( l  - i f ) 4  0.5028 

0.6756 0.8144 0.9526 1.0900 1.2280 1.3650 
0.6321 0.7707 0.9087 1.0460 1.1840 1.3210 
(I.5467 0.6843 0.8218 0.9592 1.0960 1.2330 
0.3187 0.4431 0.5737 0.7068 0.8412 0.9763 
0.2479 0.2856 0.3741 0.4862 0.6086 0.7363 
0.4225 0.3521 0.3287 0.3609 0.4364 0.5369 
0.1791 0.2797 0.4032 0.5336 0.6668 0.8013 
0.2137 0.3246 0.4508 0.5821 0.7157 0.8503 
0.6045 0.7433 0.8816 1.0190 0.8169 0.9288 
0.5372 0.6758 0.8139 0.9517 1.0890 1.2270 
0.4045 0.5419 0.6794 0.8168 0.9540 1.0910 
0.2773 0.41 I I 0.5469 11.6833 0.8199 0.9566 
0.1354 0.1855 0.2980 0.4256 0.5579 11.692 l 
0.5259 0.4242 0.3495 0.3204 0.3480 0.4212 
0.5747 0.4642 0.3737 0.3197 0.3205 0.3757 
0.6828 0.5607 0.4490 11.3569 0.3020 0.3048 
0.3438 0.3119 0.3388 0.4128 0.5137 0.6285 
0.4775 0.6100 0.7442 0.8793 1.0150 I. 1510 
0.5763 0.7117 0.8476 0.9838 I. 1200 1.2570 
0.6394 0.7762 0.9131 1.0500 I. 1870 1.3240 
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Table 2 
Oxidation of Pu0.2Tho.8Ol.% in air: A typical computer output (standard deviation) to find the best fit among the different reaction 

mechanisms 

Mechanisms g(o~) Input activation energies ( k J / m o l )  

16 25 33 42 50 58 67 

~/~ 0.3022 0.4192 0.5339 0.6474 0.7602 0.8725 0.9844 

c~ t/~ 0.2801 0.3970 0.5117 0.6252 0.7379 0.8502 0.962 I 
oz I / 2 0.2365 0.3530 0.4675 0.5808 0.6935 0.8057 0.9176 

c~ 0. I 155 0.2248 0.3371 0.4494 0.5614 0.6732 0.7848 

c~ ~/2 0.0910 0.1183 0.2150 0.3225 0.4324 0.5429 0.6537 
c~ -~ 0.2019 0.1224 0.1278 0.2088 0.3102 0.4170 0.5257 

1 - (1 - c~ )1/~ 0.0586 0.0945 0.2023 0.3139 0.4258 0.5375 0.6491 

I (1 - or) j/2 0.0510 0.1308 0.2407 0.3525 0.4644 0.5761 0.6877 

- In( I - o~ ) l /4  0.2464 0.3635 0.4783 0.5918 0.7046 (I.8169 I).9288 

- ln(l  - c~) I/~ 0.2058 0.3228 0.4375 0.5510 0.6638 0.7760 0.8880 

- In( 1 - o~ )t/~- 0.1251 0.2415 0.3560 0.4695 0.5822 0.6944 0.8063 

- In( 1 - ~)2/3  0.4886 0.1609 0.2749 0.3881 0.5007 0.6128 0.7247 

- In( l - c~ ) 0.1271 0.0365 0. I 159 0.2266 0.3384 0.4502 0.5618 

( I - c~ )ln( 1 - o~ ) + (x 0.3016 0.1964 1). 1175 0.1234 0.2054 0.3071 I).4139 
l - 2 c~/3 - ( 1 - c~ )2/3 0.3485 0.2388 0.1432 0.1016 0.1603 0.2575 0,363 I 

[1 - (1 - or) 1/~ - 1] 2 0.4482 0.3342 0.2256 0.1294 0.0912 0.1588 0.2592 

[( I + c~ )1/~ _ I ]2 0.1382 0.1051 0.1725 0.2724 0.3793 0.4884 0.5983 

1 - ( 1 - (x)2 0.2320 0.3470 0.4608 111.5737 0.6861 0.7981 0.9098 

1 - ( 1 - o~ )3 0.2948 0.41 I 1 0.5255 0.6387 0.7513 0.8634 0.9753 

1 - (1 - o~)4 0.3279 0.4447 0.5593 I).6727 0.7854 0.8976 1.0100 

g i v e n  in T a b l e s  I and  2 r e s p e c t i v e l y .  T h e y  s h o w  tha t  the  

l o w e s t  s t a n d a r d  d e v i a t i o n  o c c u r s  at  a c t i v a t i o n  e n e r g i e s  o f  

38 kJ  tool  - l  and  25 kJ  mo l  l r e s p e c t i v e l y  for  g ( a ) =  

- l n ( l -  a ) .  Fu r the r  i t e r a t ion  w i t h  s m a l l e r  i n t e rva l s  o f  

a c t i v a t i o n  e n e r g y  g i v e s  E v a l u e s  o f  39 .4  kJ  tool  ] and  

Z =  3 .17  × 10 - I  s -~ for  PUo.3Tho.7Oi.94 and  E o f  25 .2  kJ  

m o l  - I  and  Z =  1.65 × 10 - 2  s - I  for  Puo.2Tho.sOL%. O x i -  

d a t i o n  o f  Puo.vTho.3OL. 8 s a m p l e s  h o w e v e r  f o l l o w e d  t w o  

m e c h a n i s m s  for  the  k i n e t i c s  c o r r e s p o n d i n g  to t w o  s teps  in 

the  c~ vs. T cu rve .  T h e  f i rs t  s tep  g a v e  a m e c h a n i s m  of  

n u c l e a t i o n  and  g r o w t h  w i t h  g ( c e ) =  - [ l n ( I  - ~ ) ] 1 / 4  and  

the  s e c o n d  step,  d i f f u s i o n  c o n t r o l l e d  m e c h a n i s m  w i t h  

g ( c e )  = - l n ( l  - c ~ ) .  The  r e a c t i o n  k i n e t i c s  o b s e r v e d  sug-  

g e s t  tha t  the  o x i d a t i o n  o f  (Th,  P u ) O  2_ ~ to (Th,  Pu)O2.0o is 

a d i f f u s i o n  - -  c o n t r o l l e d  p r o c e s s  s i m i l a r  to  (Th,  U)O  2 + ~, 

U O 2 + ,  and  P u O  2 ~ and  (U,  P u ) O  2 + ~ [ 1 - 4 ] .  

W i t h  v = 0.2 and  0.3 in Pu. ,Th l _ vO2_., ,  the  o x i d a t i o n  

i n v o l v e s  no  d i s c r e t e  p r o d u c t  layer .  The  su r face  o f  M O  2 

is r a p i d l y  e q u i l i b r a t e d  to MO2.oo by  o x y g e n  and  o x i d a t i o n  

k i n e t i c s  is c o n t r o l l e d  by  d i f f u s i o n  o f  o x y g e n  f r o m  the  

su r face  to the  in ter ior .  H o w e v e r  for  v = 0.7, w h i c h  con-  

s is ts  o f  t w o  phases ,  M 2 0 3 +  ~ p h a s e  r ich  in p l u t o n i u m  and  

M O  2 , p h a s e  r i ch  in t h o r i u m ,  o x i d a t i o n  p r o c e e d s  in t w o  

s teps ;  ( i )  o x i d a t i o n  o f  M 2 0 3 +  ~ to M O 2 _  ~ a b o v e  4 0 0  K 

and  ( i i )  o x i d a t i o n  o f  M O  2 ~ to MO~ in the t e m p e r a t u r e  

r a n g e  5 0 0 - 9 0 0  K. The  s e c o n d  s tep  is s i m i l a r  to the 

o x i d a t i o n  o f  m i x e d  o x i d e  w i t h  v = 0.2 and  0.3. H o w e v e r ,  

for  the f i rs t  s t ep  the m e c h a n i s m  o f  k i n e t i c s  is d i f f e ren t  as 

Table 3 

Oxygen chemical  diffusion data in actinide oxides 

Oxide E ( k J / m o l )  log D (m -~ s I) Temp. range (K) Reference 

PuO] ~7 50.8 ( - 2 . 4  × 10~ /T)  - 6.1 1000-1200 Bayoglu [1] 

(U, Pu)OI.98 52.9 ( - 2 . 7  × 103 /T)  6.47 625-1000  Bayoglu [I] 

UoTPUo.302 ~ 50.4 70(I 1300 Sampath [2] 
Tho.sPuo.201% 25.2 701/- 1300 present work 
Tho 7Pu03OI 94 48.6 ( - 2.5 × t 0 ~ / T )  - 5.79 700 1300 present work 
T h  o 6Uo.402 +., 66.8 ( -  3.49 × 1 0 3 / T ) -  7.83 1282-1373 Matsui [4] 

Tho sUo.202+ ~ 93.1 ( - 4 . 8  × 103 /T)  - 6.2 1282-1373 Matsui [4] 
PU0.2Uo 802 . , 72.4 ( - 3.78 × 103 /T)  - 6.18 I 173-1823 Sari [3] 
UO2+ ~ 89.5 ( - 4 . 6 8  × 103 /T)  - 5.74 873-1273 Bayoglu [I] 
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Fig. 3. Log D against I / T  plot for Puo 3Tho 7Ot.94. 

the product layer is discrete from the reactant and the 
kinetics is controlled by nucleation and growth of second 
phase. 

Oxygen chemical diffusion coefficient data were ob- 
tained by isothermal kinetics for the composition 

Puo.3Tho.7Oi.94 using the expression given by Matsui and 
Naito [4]: 

log(l  - a ) = - 0.252 - 1 / 2 . 3 0 3 [ ( 2  )2/.2 o405 

+ 2 / ( 4 6 2 ) ]  Dt, (2)  

where 2 a  and 2b  are respectively sample diameter and 
sample thickness in meters and t is time in seconds. The 
pellets used were of diameter 4 mm and thickness 6 mm. 
Isothermal kinetics was carried out at 673, 723 and 773 K 
and plots of log(l - a )  against time for the three tempera- 
tures are given in Fig. 2. The chemical diffusion coeffi- 
cients (D)  obtained were 2.82 × 10 ~0 m 2 / s  at 673 K, 
4 . 2 6 ×  10 -1° m 2 / s  at 723 K and 7 . 6 ×  10 ") m 2 / s  at 

773 K. Fig. 3 plots log D versus l / T ;  activation energy 
obtained from the slope was 48.6 kJ tool ~. 

Oxygen chemical diffusion data on the actinide oxides 
reported in literature and in the present work is given in 
Table 3. A comparison of reported activation energies for 
the oxidation of hypo- and hyper stoichiometric actinide 
oxides, AO 2 .~ and AO2+ ~(A = U, Pu, U + Pu, U + Th or 
Th + Pu) shows that they are in the range 25-50  kJ mo l -  
for AO 2 .~ and 65-95  kJ mol i for AO2+ ~. [1-4]. From 
this, one can conclude that AO 2 x oxidation, which in- 
volves anion vacancy migration, is associated with lower 
activation energies as compared to AO 2 + x oxidation, which 
involves anion interstitialcy mechanism and consequently 
associated with higher activation energies. This is sup- 

ported by theoretical studies of point defect properties of 
uranium dioxide, reported by Catlow and Lidiard [12]. 
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